Star formation in high-redshift dwarf galaxies is a key to understand early galaxy evolution in the early Universe. Using the three-dimensional hydrodynamics code GIZMO, we study the formation mechanism of cold, high-density gas clouds in interacting dwarf galaxies with halo masses of ∼ 3 × 10 7 M , which are likely to be the formation sites of early star clusters. Our simulations can resolve both the structure of interstellar medium on small scales of 0.1 pc and the galactic disk simultaneously. We find that the cold gas clouds form in the post-shock region via thermal instability due to metalline cooling, when the cooling time is shorter than the galactic dynamical time. The mass function of cold clouds shows almost a power-law initially with an upper limit of thermally unstable scale. We find that some clouds merge into more massive ones with 10 4 M within ∼ 2 Myr. Only the massive cold clouds with 10 3 M can keep collapsing due to gravitational instability, resulting in the formation of star clusters. In addition, we investigate the dependence of cloud mass function on metallicity and H 2 abundance, and show that the cases with low metallicities ( 10 −2 Z ) or high H 2 abundance ( 10 −3 ) cannot form massive cold clouds with 10 3 M .
INTRODUCTION
Understanding galaxy formation in the early universe is one of the major goals in today's astronomy. Current structure formation theory based on the cold dark matter (CDM) model suggests that, at first, galaxies form in low-mass haloes, i.e., dwarf galaxies, and then later evolve to massive galaxies as the halo mass grows via the merging process. In addition, high-redshift dwarf galaxies are the primary candidate sources of ionizing photons for reionising the Universe (e.g., Yajima et al. 2011; Jaacks et al. 2013; Yajima et al. 2014; Wise et al. 2014; Kimm & Cen 2014; Ma et al. 2015) . Therefore, high-redshift dwarf galaxies are the key objects in understanding the early Universe. Upcoming next generation telescopes, such as the James Webb Space Telescope (JWST) and the Thirty Meter Telescope (TMT), aim at detecting these star-forming dwarf galaxies in the early Universe.
The formation and evolution of high-redshift dwarf E-mail: arata@vega.ess.sci.osaka-u.ac.jp galaxies are significantly affected by star formation and stellar feedback, because the gas in these galaxies can easily be pushed out from the shallow gravitational potential well of the low-mass haloes due to feedback (e.g., Wise et al. 2012; Johnson et al. 2013; Hasegawa & Semelin 2013; Hopkins et al. 2014; Kimm & Cen 2014; Yajima et al. 2017) . Star formation occurs in cold gas clumps in galaxies. However, even the state-of-the-art cosmological simulations suffer from resolving the details of star formation and feedback processes because of the limitation in numerical resolution. Therefore, the details of star formation process in dwarf galaxies is still unclear.
In this work, we investigate the formation of cold gas clumps in dwarf galaxies using high-resolution hydrodynamic simulations that are able to resolve the internal structure of ISM well. In particular, we focus on the major merger of dwarf galaxies that frequently occurs in the early Universe (e.g., Genel et al. 2009 ). Recently, cosmological simulations of Katz et al. (2015) showed that the major merger of dwarf galaxies induced the formation of massive gas clumps at the galactic center due to angular momentum transport by the tidal force or disk instability (see also, Devecchi et al. 2012) . They suggested that the massive gas clump formed a compact star cluster, resulting in the formation of an intermediate-mass black hole via core-collapse of the star cluster (see also, Yajima & Khochfar 2016) . Trenti et al. (2015) suggested that the interacting dwarf galaxies at high redshift were the likely sites of globular cluster formation, and they were able to reproduce the local observations by combining cosmological N -body simulations and a semianalytic model. Recent high-resolution cosmological simulations of Ricotti et al. (2016) showed that the gas clouds and star clusters formed in high-redshift dwarf galaxies, and some of them became very compact at the galactic center in major mergers of galaxies. In addition, cosmological simulations of Kim et al. (2017) showed that the interacting dwarf galaxies formed massive compact star clusters with low metallicities that were similar to the local, observed globular clusters. Thus, most of recent cosmological simulations suggest that high-redshift interacting dwarf galaxies are likely to form massive gas clumps and star clusters at the galactic center via rapid gas inflow.
In the observations of local galaxies, it is well known that the formation of star clusters in galactic disks can be enhanced due to galaxy mergers (e.g., Alonso-Herrero et al. 2000; de Grijs et al. 2003) . These observations also suggest that gas clumps and star clusters may form in the galactic disks of interacting galaxies, and motivate the theoretical studies of their formation mechanisms. For example, Inoue & Omukai (2015) investigated the thermal evolution of idealized colliding flow of a low metallicity gas using mesh-based three-dimensional hydrodynamic simulations, and showed that the cold gas clumps can form in the post-shock regions due to thermal instability (see also, Koyama & Inutsuka 2002) . They found that the condition for thermal instability is satisfied if the UV radiation field is strong enough to dissociate the H2 molecules significantly (G0 > 10 −3 ), and if the metal-cooling is effective (Z > 10 −3 Z ) which is dominated by the [CII] fine-structure line emission. Therefore, they concluded that it is possible to form cold and dense gas clouds via thermal instability in interacting, low-metallicity galaxies under the UV irradiation.
On the other hand, the evolution of post-shock gas can also be affected by galactic dynamics, e.g., rotation of galactic disks, gravitational potential of haloes, and tidal forces from companion galaxies. However, the evolution of ISM at the post-shock region under the influence of galactic dynamics has not been studied yet, especially in the context of high-redshift galaxy mergers. Given these situations, in the present work, we study the evolution of ISM in interacting galaxies using three-dimensional hydrodynamic simulations of merging galaxies with different metallicities and H2 abundance.
Our paper is organized as follows. We describe our simulations and initial setup in Section 2. In Section 3, we present the formation of cold gas clumps, and its dependence on metallicity and H2 abundance. In addition, we study the impact of different orbital parameters of galaxy merger on the formation of gas clumps. Finally, we summarize our main conclusions in Section 4.
MODEL & METHOD

Simulation Setup
In order to investigate the physical properties of ISM in interacting dwarf galaxies, here we use the Lagrangian hydrodynamics code GIZMO with the Meshless Finite Mass (MFM) method (Hopkins 2015) . Using the initial condition generator DICE (Perret et al. 2014 ), we construct disk galaxies with a virial mass of Mvir = 3 × 10 7 M assuming a redshift z = 10, and the virial temperature of the halo is Tvir = 8750 K. The density profile of dark matter halo follows the NFW profile (Navarro et al. 1995 ) with a concentration parameter c = 9.0 and a spin parameter λ = 0.04. Note that, in this initial condition generator code, the virial radius of the halo is automatically adjusted for the assumed redshift, therefore the gas in halo is denser at a higher redshift than at z = 0. The relevant cosmological parameters used are: (Ωm, ΩΛ, h) = (0.3, 0.7, 0.71).
The rotationally supported disk is composed of gas alone, and the disk mass is 10 per cent of the virial mass, i.e., M disk = 3 × 10 6 M . We assume an exponentially declining profile with a radial scale length hr = 0.1 kpc. The mass resolution is 27 M for dark matter and 0.3 M for gas particles. The softening length of dark matter particles is set to 3.0 pc. We employ adaptive softening lengths for gas particles, which is set to the same value as the smoothing length, and the minimum softening is set to 5.2 × 10 −2 pc. Our simulations follow the ISM dynamics in the range 1 nH cm −3 10 4 , where nH is the hydrogen number density. In this density range, our numerical resolution satisfies the criterion to avoid artificial fragmentation by self-gravity (Bate & Burkert 1997; Susa 2008) . In this work, we do not follow star formation, assuming that the galaxies are exposed to the external UV background (Haardt & Madau 2012) .
We put two identical galaxies on an orbital plane with inclinations (φ1, φ2, θ1, θ2), an impact parameter (b), and an initial distance (d = 1.2 kpc). Once we start the simulation, galaxies collide with about their virial velocities (∼ 10.8 km s −1 ). Thus gas is heated up to almost virial temperature by shock compression. The fiducial runs are calculated with Z = 0.1Z , b = 0.3 kpc, and the inclination angles θ1 = θ2 = φ1 = φ2 = 0
• .
Net Cooling and Thermal Instability
We consider the heating and cooling at T < 10 4 K by taking into account the photoelectric heating of dust (Γ) and the [CII] radiative cooling (L(T )), as proposed by Koyama & Inutsuka (2002) and modified by Vázquez-Semadeni et al. 
In addition, the Lyα cooling is considered. The above cooling rates are estimated under the assumption of ionization equilibrium state. The minimum temperature is set to Tmin = 30 K considering the temperature floor by the cosmic microwave background at z ∼ 10. In our fiducial simulation, we do not include the cooling by H2 assuming that the galax- ies are exposed to the UVB. At z 7, the UVB strength can sensitively depend on the environment due to patchy ionization structure of the IGM (Iliev et al. 2006) . We study the impact of H2 on the thermal evolution of ISM in Section 3.4. Figure 1 presents the cooling functions of Lyα, [CII] , and H2. Observations of our Milky Way galaxy suggest that the multi-phase state of ISM is induced via thermal instability (Field 1965; McKee & Ostriker 1977) , which we discuss below. Cold clouds are formed due to compression by the thermal pressure of ambient gas when the net cooling rate Λ satisfies the following condition:
The condensation of clouds due to thermal instability proceeds under the isobaric condition. The scale of thermal instability is limited within the range of F < λ < ac, where F is the Field length (Field 1965) , and ac is the acoustic length. The Field length is defined by the ratio between thermal conduction rate and cooling rate:
where κ is the thermal conductivity. The acoustic length is defined by the propagation distance of sound waves within cooling time:
Using a typical post-shock density of nH = 10 cm −3 and T = 8000 K, we roughly estimate the acoustic length to be ac = 16
This corresponds to a cloud mass of
which we call the maximum cloud mass, Mmax, in the following.
In order to calculate the isobaric contraction of thermally unstable gas, the simulation has to resolve the pressure gradient on smaller scales than the thermally unstable scale. The resolution of our simulations can resolve the acoustic length, while it cannot resolve the Field length. Thus, the lower limit of the cloud mass function is regulated by the numerical resolution. Therefore, in this work, we investigate the massive end of the cloud mass function. Koyama & Inutsuka (2002) showed that the thermal instability was enhanced at the post-shock region where the pressure was high. In our simulations, the temperature of gas disks is ∼ 1600 K initially, then heated up to ∼ 8000 K by shock compression in the merger process. In this work, we activate the radiative cooling of gas particles only for those that have T > 8000 K. Other gas particles are in the adiabatic state. This treatment makes it easier to understand the formation of cold clouds via thermal instability.
The cooling and heating rates of low-metallicity gas are simply estimated by multiplying the metallicity (Z/Z ) to the rates of the solar value. Inoue & Omukai (2015) validated the modified cooling function by comparing with the calculation of non-equilibrium chemistry. Here we estimate the cooling time in the post-shock region with T = 8000 K as follows:
Myr.
(8) This time-scale can be longer than or comparable to the dynamical time-scales of dwarf galaxies, such as the crossing time of merging dwarf galaxies, or the rotation period of galactic disk. Therefore, the gas dynamics of ISM is also affected by the tidal force and differential rotation.
Clump Finder
The cold gas clouds in our simulation are identified by the friend-of-friend (FOF) method. First, we identify the particles in the post-shock region with T < 500 K and density greater than 50×ρ bg , where ρ bg is the mean density of warm background gas. Next, we connect the two cold particles if their smoothing length is greater than their distance. The minimum threshold number of gas particles for identifying a cold cloud is 100, corresponding to 30 M as the minimum cloud mass (Mmin).
RESULTS
Formation of cold gas clouds with
First, we study the formation mechanism of the cold clouds in the fiducial run. Figure 2 shows the maps of gas column density at each snapshot. In the shocked region, the filamentary and clumpy structures form due to galaxy merger. Some clouds merge into more massive ones as marked by the white-dashed circles in a short time-scale of 3 Myr. Since the time-scale is shorter than the lifetime of massive stars, massive star clusters can form in the merged massive clouds.
Figure 3(a) shows the time evolution of the total mass of cold gas clouds from the time when our clump finder identifies cold clouds at first (≡ t cl ). The total cold gas mass increases rapidly via thermal instability from ∼ 0.3×10 4 M to 3.3×10 4 M within 4 Myr, with a mass accumulation rate of dM cl /dt ∼ 10 −2 M yr −1 . Figure 3(b) shows the mass distribution of cold clouds at t = t cl + 4 Myr. As time proceeds, the number of clouds increases mainly in the mass range of 10 2 − 10 3 M . As explained in Sec. 2, the scale of perturbations which can grow via thermal instability is limited within F < λ < ac. The cloud mass function takes a power-law form, Figure 3 (b) as a reference. Our result also shows a similar power-law-like cloud mass distribution close to N (M ) ∝ M −2 , which is a Press-Schechter type mass function. The minimum cloud mass is regulated by the threshold in our clump finder, and the vertical dashed lines represent the minimum and maximum cloud masses as derived in Eq. 7. Most of the clouds distribute in the range Mmin < M cl < Mmax. However, unlike the results of Inoue & Omukai (2015) who studied the idealized colliding flow, our result shows an extended tail at the massive end that exceeds Mmax. This is due to the coalescence of some massive clouds; for example, the three clouds in Fig. 2 marked by white dashed circles, merge within 2 Myr in the tidal arm, resulting in a very massive cloud with M cl = 2.6 × 10 4 M . As shown in recent high-resolution cosmological simulations, galaxy interaction can cause massive gas inflow towards the galactic center and form a massive gas clump at the galactic center (e.g., Katz et al. 2015; Ricotti et al. 2016 ).
Here we find that massive gas clouds could form even within the galactic disk via thermal instability and cloud mergers. Note that the high resolution with < 1 pc is required to follow the cloud formation via thermal instability as we discuss in the Appendix. Current cosmological simulations are still difficult to resolve such small scales (e.g., Kim et al. 2017; Yajima et al. 2017 ). In addition, the massive clouds could form within several Myr, while the mass inflow to the galactic center occurs over the galaxy dynamical time > 10 Myr. Therefore, if massive star clusters form in the clouds in the galactic disk, their intense stellar feedback can evaporate most of the gas from the galaxy. This can drastically change the star formation history of high-redshift galaxies. In our future work, we will study the impact of star formation and stellar feedback on galaxy evolution with massive gas clump formation in galactic disks.
Figure 4(a) shows the mass-weighted phase-diagram of the most massive cloud and its vicinities in the fiducial run at t = t cl + 2 Myr. In the post-shock region, the gas separates into two-phase structure with warm-low density (n, T ) ≈ (20 cm −3 , 5000 K) and cold-high density (500 cm −3 , 50 K). This means that the perturbations in the warm phase contracts almost isobarically, leading to the formation of cold gas clouds, in pressure equilibrium with the warm gas. These clouds are not formed via gravitational instability. The Jeans mass (MJ) in the post-shock region is estimated as MJ = 7.5 × 10 6 nH 10 cm −3
The masses of cold clouds in our simulation are much lower than this Jeans mass. Note that the above Jeans mass is comparable to the total gas mass in the galaxy. Therefore, gravitational instability does not play a role in the formation of gas clumps in the galactic disks initially. As the density increases and the temperature decreases in the forming clouds, the Jeans mass decreases. Then the massive cold clouds with M cl > 10 3 M alone exceed the Jeans criteria, and hence can collapse further by self-gravity. Subsequent gravitational collapse of the cold clouds cannot be followed in our simulations due to resolution limit.
Metallicity dependence
The first galaxies are metal enriched by galactic outflows from nearby star-forming galaxies or type-II supernovae of Population III stars in mini-haloes that formed earlier. Therefore, the metallicity of first galaxies is likely to depend on the formation site (e.g., Maio et al. 2011; Wise et al. 2012; Smith et al. 2016) . In this section, we study the metallicity dependence of cold cloud formation in the spirit of investigating the environmental effect.
We vary the metallicity from Z = 0.1Z to 0.01Z under the same condition as the case with b = 0.3 kpc. The typical density of post-shock region in this condition is nH ∼ 10 cm −3 . Figure 5 presents the mass distribution of cold clouds with different metallicities at t = t cl + 2 Myr. We find that the simulations with higher metallicities than ∼ 0.03 Z successfully form cold clouds. Because the maximum cloud mass depends on metallicity strongly (Mmax ∝ Z −3 ; Eq. 7), we can expect that more massive clouds appear as metallicity becomes lower. From the simulation results, however, we find that the mass of the most massive cloud in the simulation with Z = 0.03Z is much lower than Eq. (7). This is related to the cooling and galactic dynamical time scales. The galactic dynamical time is roughly estimated as
where Rvir is the virial radius and Vc is the halo circular velocity (≈ colliding velocities in our simulations). As the galactic dynamical time becomes close to the cooling time, the strong tidal force can regulate the growth of large-scale perturbations. In the simulations with Z 0.02Z , cold clouds do not appear in the post-shock region. Therefore we suggest that cold clouds are unlikely to form in merging high-z dwarf galaxies with Z 10 −2 Z and nH 10 cm
in the post-shock region. Then, some fraction of cold gas can be converted into star clusters, although the conversion efficiency is not understood well (e.g., Geen et al. 2017) . Therefore, our results suggest that stellar distribution can sensitively depend on the metallicity of galaxies. Galaxies with lower metallicity than the critical value tend to form stars at the galactic center, while other galaxies can have stellar disks. Note that the density at the post-shock region can be increased by adopting different collision parameters for the merging galaxies. This reduces the critical metallicity for the cold cloud formation, which will be discussed in the next subsection.
Different orbital parameters
In the growth of galaxies via major merger process, various orbital parameters and inclination angles can be considered (e.g., Khochfar & Silk 2006) . In this section, we investigate the impact of different parameters on the formation of cold gas clouds.
As discussed in Sec. 3.2, the low-metallicity case of Z = 0.01 Z with b = 0.3 kpc failed to form cold clouds due to the longer cooling time than the galaxy dynamical time. If the gas density at the post-shock region increases, the cooling time becomes shorter, and it is likely to cause the formation of cold clouds even with such a low-metallicity. Thus we study a case with a smaller impact parameter of b = 0.1 kpc and Z = 0.01Z , which is likely to give higher gas density in the post-shock region. Figure 5 presents the time evolution of the total mass of cold gas and the cloud mass distribution. In this case, cold clouds successfully form, unlike the case with b = 0.3 kpc. The total mass of cold clouds is 7.5 × 10 4 M at t = t cl + 3 Myr. The clump mass function has a peak at M cl ∼ 100 M , and is consistent with the power-law N (M ) ∝ M −1.78 at the higher mass side (see Eq. 9). The corresponding phase-diagram of gas in the postshock region was shown in Fig. 4(c) . The density of warm gas is nH ≈ 100 cm −3 in the case of closer collision, and the gas separates into two phases due to thermal instability. Note that, gas clouds can be optically thick to the [CII] emission, when their density becomes higher than ∼ 10 3 cm −3 (Draine 2011) . For the high-density gas, our simulations assuming optically-thin are likely to overestimate the cooling rate. Therefore, the cold gas cannot collapse further more at a specific gas density, when the cooling time becomes longer than the free-fall time. Omukai (2000) introduced the escape probability to any line cooling processes based on the assumption that the velocity was proportional to the radius from the center of cloud (see also, Takahashi et al. 1983 ). We will incorporate the escape probability of the line cooling into our code in the future work.
Next we study the case with retrograde-prograde merger, i.e., the inclination angle is 180
• flipped. Other parameters are the same as those in the fiducial run. The time evolution of cold gas mass and the mass distribution are presented in Fig. 6 . We find that, in the retrograde-prograde merger, the final cold mass is three times less than that of the fiducial case. This difference can come from the suppression of clump formation due to a shear flow. Figure 7 presents the velocity field with arrows overlaid on the projected gas distribution. In the case of prograde-prograde merger, the velocity becomes small at the post-shock region. On the other hand, the retrograde-prograde merger induces an oblique shock. In this case, the parallel component of the velocity to the direction of galaxy collision can remain, resulting in the shear flow as seen in the figure.
The time evolution of the velocity dispersion at the post-shock region is presented in Figure 8 . Unlike the prograde-prograde merger, the retrograde-prograde merger keeps the velocity dispersion larger than ∼ 12 km s −1 , which is higher than the sound speed at the post-shock region cs ∼ 7 − 8 km s −1 . Therefore, the shear flow can disturb the compression of gas by the isotropic thermal pressure of ambient gas.
Given the results presented in this subsection, we suggest that the orbital motion and inclination angle are important parameters to control the clump formation via thermal instability, which could not be investigated in previous works using idealized colliding flows (e.g., Koyama & Inutsuka 2002; Inoue & Omukai 2015) . In our future work, we will study the statistical properties of cold gas clumps in merging galaxies taking the impact parameters and inclination angles from cosmological simulations.
Impact of hydrogen molecules
In the previous subsections, we assumed that H2 is completely dissociated by the Lyman-Werner band radiation from nearby star-forming galaxies. However if the UV radiation field is not so strong, H2 can form and contribute significantly to the radiative cooling at T < 10 4 K. In order to study the impact of H2 cooling on cloud formation, we carry out additional simulations with H2 under the assumption of constant H2 abundance of fH 2 ≡ nH 2 /nH = 10 −5 , 10 −4 & 10 −3 . We incorporate the cooling function of H2 from Galli & Palla (1998) into our cooling rates. The orbital parameters and halo mass of the simulation are the same as the fiducial one. Figure 9 (a) shows the time evolution of total mass of cold gas (T 500 K). There is almost no difference between fH 2 = 10 −5 and 10 −4 cases, while in the fH 2 = 10 −3 case the mass of cold gas is clearly less. This is simply because the efficient H2 cooling breaks the condition of the net cooling rate for thermal instability (see, Eq. 1). Figure 4 (d) presents the phase-diagram of the postshock region in the simulation with fH 2 = 10 −3 . We find that the formation of multi-phase ISM is suppressed and most of the gas particles have T ∼ 1000 K due to H2 cooling. The critical H2 abundance (fH 2 ,crit) for inducing the thermal instability sensitively depends on the metallicity. In our current simulation, it implies fH 2 ,crit ∼ 10
Figure 9(b) shows the mass distribution of cold clouds in each simulation. In the cases of fH 2 = 10 −5 & 10 −4 , some cold clouds formed via thermal instability, and they exceed the Jeans mass MJ ∼ 5.2 × 10 2 M for nH = 500 cm −3 and T = 50 K. Therefore they will collapse gravitationally, and are likely to be the formation sites of massive star clusters. On the other hand, in the case of fH 2 = 10 −3 , massive cold clouds do not form. Thus, we suggest that H2 plays a vital role in the formation of massive star clusters in interacting dwarf galaxies at high redshift.
In addition, our results suggest that star formation and stellar distribution can sensitively depend on the formation sites of galaxies. At high redshifts (z 6), the UV background is likely to be inhomogeneous Agarwal et al. 2014) , which will cause different H2 abundance in different galaxies depending on their location. If galaxies are clustered, star clusters can efficiently form in galactic disks with little H2 as we showed earlier. On the other hand, in galaxies far from other star-forming galaxies, star clusters will form via other pathways, e.g., Toomre instability in cold, high-density disks due to H2 cooling, or gas inflow to galactic centers. For example, Susa & Umemura (2004) showed that the morphology of galaxies could change significantly in different UV background fields due to the suppression of star formation. Okamoto et al. (2008) indi- cated that the UV background could reduce the cosmic star formation history significantly because of the suppression of star formation in dwarf galaxies (see also, Hasegawa & Semelin 2013; Yajima et al. 2017) . These previous works focused on the photo-evaporation effects of gas by the Lymancontinuum photons. Our results are complementary to their work, and we show that the Lyman-Werner photons can also have large impact on star formation and stellar structure of high-z galaxies. The above effects on the statistical natures of high-z dwarf galaxies should be investigated with cosmological simulation with inhomogeneous UV background.
SUMMARY AND DISCUSSION
We investigate the formation of cold, high-density clouds in merging dwarf galaxies using high-resolution threedimensional hydrodynamical simulations. Our simulations follow the thermal and dynamical evolution of ISM in low-mass galaxies with a halo mass of Mvir ∼ 3 × 10 7 M at z = 10. The virial size and density of the halo was set up appropriately for z = 10 in the initial condition. Using various conditions with different metallicities, H2 abundance, and orbital parameters, we study the impact of these quantities on the formation efficiency of cold clouds.
Our major findings are as follows:
• The shock compressed gas becomes thermally unstable via [CII] cooling, and the cold clouds successfully form only when the cooling time is shorter than the halo dynamical time.
• In our fiducial simulation (Z = 0.1Z , b = 0.3 kpc, prograde-prograde merger), the mass of cold clouds ranges from 30 M to ∼ 2.6 × 10 4 M . The upper bound is roughly regulated by the acoustic length in the post-shock region. Some clouds merge into more massive ones with 10 4 M within 2 Myr, exceeding the Jeans mass. Therefore these massive clouds are likely to collapse further, resulting in massive star clusters in high-z dwarf galaxies.
• Hydrogen molecules significantly suppress the formation of cold clouds via thermal instability. If H2 abundance is higher than fH2 ∼ 10 −3 , no cold clouds form in our simulation. This is because the efficient H2 cooling brings the gas temperature down to T < 10 4 K, and the condition for thermal instability is no longer satisfied as the shape of the cooling function flattens. We therefore suggest a critical H2 abundance in Eq. (12), below which the thermal instability can occur. We also discuss the impact of inhomogeneous UV background field in Section 3.4.
• The formation efficiency of cold clouds sensitively depends on the orbital parameters and the inclination angles of colliding galaxies. In the prograde-retrograde merger, an oblique shock forms and a shear flow is induced, which suppresses the formation of cold clouds. This does not happen in the prograde-prograde merger.
Our results about the dependencies on metallicity and H2 abundance indicate that the star formation history in dwarf galaxies can significantly change depending on their formation sites. These environmental effects have not been investigated well even in current cosmological simulations (e.g., Ricotti et al. 2016; Kim et al. 2017) , due to the limitations in numerical resolution and sample sizes. In this work, by using isolated merging galaxies, we successfully followed the formation of cold clouds via thermal instability. Moreover, our simulations have shown the criteria of t cool < t dyn for the cloud formation, which was out of the range of previous works using idealized colliding flows (e.g., Koyama & Inutsuka 2002; Inoue & Omukai 2015) .
As shown in our results, the radiative cooling by [Cii] line or H2 controls the formation of cold clouds. In the present work, we introduced the cooling functions of [Cii] and H2 assuming an ionization equilibrium. However, the abundance of free electrons can be much higher, if the postshock region is collisionally ionized due to higher shock velocity of > 10 km s −1 . Such a situation might arise in the collisions of more massive galaxies. This can enhance the cooling rate at T < 10 4 K significantly, because the residual free electrons excite the [CII] emission (Koyama & Inutsuka 2000; Richings et al. 2014 ) and induce the formation of H2 (Shapiro & Kang 1987) . Therefore we need to solve the non-equilibrium chemical reactions and hydrodynamics consistently for a more accurate estimate of cooling rates. In addition, the higher cooling rate will reduce the scale of thermal instability, which will require even more expensive numerical simulations with higher spatial resolution of 0.1 pc. In our future work, we will present more comprehensive studies of cloud formation in galaxies with a wider mass range, and investigate the impact of star formation on the ISM in high-z galaxies.
mesh-based hydrodynamic simulations and showed the formation of two-phase ISM structure. They argued that the acoustic length ( ac) should be resolved by more than ∼ 64 grids in order to follow the formation of cold clouds via thermal instability. Here we check whether our current resolution is sufficient to study the two-phase structure.
The resolution in the Lagrangian scheme is determined by the particle mass (mgas) and the number of neighbor particles (N ngb ). Under the fixed number of neighbor particles N ngb = 32, we compare three simulations with different mass resolution of mgas = 0.3 M (our fiducial simulation: Sec. 3), 3.0 M , and 30 M using a similar initial condition as Inoue & Omukai (2015) . The initial density is nH = 2.5 cm −3 , the relative velocity is |V | = 16 km s −1 , and the metallicity is Z = 0.1 Z . We then add 10 per cent random perturbations to the density field. Figure A1 presents the column density maps at t = 3.0 t cool . The area shown in red or yellow color represent the post-shock region. The top two panels show inhomogeneous and clumpy structure, while in the bottom panel the postshock region is almost homogeneous. Figure A2 shows the probability distribution function (PDF) of gas density for three simulations. The PDF for the case with mgas = 0.3 M shows three peaks. The first peak (log 10 n[cm −3 ] ≈ 0.5) represents the pre-shock gas, i.e., the initial background gas. The second peak (log 10 n ≈ 1) shows the post-shock region which is compressed by a factor of ∼ 4. The third peak (log 10 n ≈ 2.5) indicates the cold clouds induced by thermal instability. These features in the PDF are close to those in Inoue & Omukai (2015) .
The PDF for the case with mgas = 3.0 M also shows the three peaks. Even with this intermediate mass resolution, the acoustic length is resolved, resulting in the formation of massive cold clumps. However, the gas mass at the highest density log 10 n 2 is much lower than the case with mgas = 0.3 M . This is because the perturbations with shorter wavelengths are suppressed due to the weaker pressure gradient force with a coarser resolution.
On the other hand, the lowest resolution run with mgas = 30 M does not show the highest density peak clearly, because the acoustic length is not resolved well. Therefore, we find that the mass resolution of gas particles should be lower than ∼ 10 −3 of the maximum cloud mass (Mmax, Eq. 7) formed by the growth of perturbation of the acoustic length in order to resolve the two-phase medium. Figure A1 . Column density maps (x-y and y-z plane) of the colliding flow tests. From top to bottom panels, the mass resolution is mgas = 0.3 M , 3.0 M , and 30 M , respectively. The color bar at the top indicates the range of gas column density, and the normalization factors are N pre H = 6.7 × 10 21 , 1.4 × 10 22 , 3.1 × 10 22 [cm −2 ] for top to bottom panels, respectively. The black bar in the bottom-left corner of the left column panels represents 10 pc (physical). The velocity of gas flow is initially given along the x-axis. These snapshots show the density distribution at t ≈ 3.0 t cool . The cold clouds form via thermal instability within the acoustic length ( ac ≈ 16 pc) in the top two panels. Figure A2 . Probability distribution function of hydrogen number density [cm −3 ] at t ≈ 3.0 t cool in the colliding flow tests. Their mass resolution is mgas = 0.3 M (red dot-dashed), 3.0 M (green), and 30 M (blue). The first peak (n ∼ 2.5 cm −3 ) represents the pre-shock gas. The post-shock gas shows two peaks at n > 8.0 cm −3 in the two higher-resolution cases owing to thermal instability, while they become weaker in the lowest resolution case (red dot-dashed).
